Background. Combining the strengths of surgical robotics and minimally invasive surgery (MIS) holds the potential to revolutionize surgical interventions. The MIS advantages for the patients are obvious, but the use of instrumentation suitable for MIS often translates in limiting the surgeon capabilities (eg, reduction of dexterity and maneuverability and demanding navigation around organs). To overcome these shortcomings, the application of soft robotics technologies and approaches can be beneficial. The use of devices based on soft materials is already demonstrating several advantages in all the exploitation areas where dexterity and safe interaction are needed. In this article, the authors demonstrate that soft robotics can be synergistically used with traditional rigid tools to improve the robotic system capabilities and without affecting the usability of the robotic platform. Materials and Methods. A bioinspired soft manipulator equipped with a miniaturized camera has been integrated with the Endoscopic Camera Manipulator arm of the da Vinci Research Kit both from hardware and software viewpoints. Usability of the integrated system has been evaluated with nonexpert users through a standard protocol to highlight difficulties in controlling the soft manipulator. Results and Conclusion. This is the first time that an endoscopic tool based on soft materials has been integrated into a surgical robot. The soft endoscopic camera can be easily operated through the da Vinci Research Kit master console, thus increasing the workspace and the dexterity, and without limiting intuitive and friendly use.
Introduction
Near the end of the 20th century, minimally invasive surgery (MIS) started replacing traditional open surgery, thus laying the foundations of a real revolution in operative medicine. 1, 2 The main shortcomings of open surgery (eg, patient discomfort and pain, costs associated with the procedures, complications, hospitalization duration, and cosmetic effects) pushed the advancements of MIS techniques. 3, 4 In particular, the reduction of intervention trauma represents the key feature of MIS. 5 Although the advantages of MIS for the patients are undeniable, from surgeons' point of view additional technical hitches and difficulties are introduced because of the constrained workspace. 6, 7 The use of instrumentations suitable for MIS often limits the surgeon's accuracy and precision and the visibility of anatomical structures via the monodimensional endoscope.
These limitations can be overcome by exploiting the features of robotics. 8, 9 Robotics holds the potential to again revolutionize the MIS scenario, 10 and nowadays, many teleoperated surgical robots are developed. [11] [12] [13] [14] Among these, the da Vinci robotic system (Intuitive Surgical Inc, Sunnyvale, CA) operates in hospitals worldwide (on June 30, 2016, there were 3745 units installed worldwide) conducting an estimated 650000 surgeries in 2015, most of which were hysterectomies and radical prostatectomy. 15 The main advantages of using the teleoperated surgical robot are the stereoscopic vision and the wrist articulation in the surgical tools. These technologies increase the surgeon's dexterity and situation awareness, 745953S RIXXX10.1177/1553350617745953Surgical InnovationDiodato et al research-article2017 and combining them with advanced control techniques, such as motion scaling and tremor filtering, greatly improves the surgeon's performance in terms of accuracy and execution time. 16 Despite research efforts to improve techniques for robotically assisted MIS, some issues remain to be addressed. Limited triangulation and instrument clashing are major concerns related to the motion of long rigid surgical instruments and endoscopes. Rigid surgical tools also have 2 main inherent disadvantages: (1) constrained workspace and (2) impossible navigation around or behind organs. 16 These disadvantages can be tackled with the use of soft robotics technology. Maneuverability and compliance are intrinsic features of soft structures. 17 The simultaneous use of rigid and soft instruments creates a synergy where one technology overcomes the limitations of the other. 18 Soft robots are inspired by biological appendages, such as tentacles of the octopus, elephant trunks, or snakes, and they are characterized by a continuously deformable structure made of soft, shrinkable, and extensible materials (eg, silicone). These robots are able to perform complex manipulations of objects in a confined environment by allowing curvilinear trajectories. 19 However, dexterity is not the only important feature. Safe interaction with surrounding organs/tissues should be also guaranteed in MIS. The synergy between dexterity and safety is flawlessly embodied by soft robots. 20, 21 The aims of the present work are the integration of a soft manipulator into the da Vinci Research Kit (dVRK) robotic system. 22 The dVRK system was chosen as a case study because it was available at the authors' facilities in an open-control configuration, and it represents the gold standard for robotic surgery. In addition, it allowed the complete integration of the soft manipulator both from the hardware and software viewpoints. The successful integration was proved experimentally: testing the usability in teleoperating the soft manipulator and assessing the dexterity of the soft manipulator tip equipped with a miniaturized camera. With this article, the authors paved the way to the synergistic use of soft robotics technologies with traditional rigid tools to improve the robotic system overall capabilities without affecting the usability of the robotic platform.
Materials and Methods
A soft robot manipulator equipped with a miniaturized camera has been integrated into the Endoscopic Camera Manipulator (ECM) arm of the dVRK system ( Figure 1 ). This section is composed of 2 subsections: the first one describes the hardware integration and the second one focuses on the software integration between the soft manipulator and the dVRK control unit.
Hardware Integration
Before discussing the hardware modification needed to achieve the seamless integration of the soft robot with the dVRK platform, the soft tool is briefly introduced.
The soft manipulator is a bioinspired surgical device and can act as a flexible guide for different surgical tools (eg, miniaturized camera, mini-ultrasound probe, cautery, gripper, biopsy forceps, and scissors). The soft manipulator is designed by considering a laparoscopic trocar diameter (ie, 15 mm) as the main mechanical constraint for covering the entire MIS panorama and widening its clinical application. The right-side picture of Figure 1 shows the design of the soft manipulator. It is composed of 2 identical silicone modules (proximal and distal), 50 mm in length and 14.5 mm in external diameter. A single module consists of 3 pairs of longitudinal fluidic chambers (3 mm in diameter) equally spaced at 120°. Each pair is interconnected for improving the bending performance while minimizing the encumbrance of the chambers themselves. Thanks to this arrangement and to the combination of supplied pressures, the 2 modules are able to independently elongate and perform omnidirectional bending motion. Cadaver tests were carried out under the guidance of qualified surgical staff to evaluate the advantages introduced by the use of the designed soft manipulator equipped with a miniaturized camera to provide the vision feedback to the surgeon during the laparoscopic intervention. 23 The selected camera was Misumi MD-T1003-65 (400 × 400 pixels) with 4 white light emitting diodes for illumination, the same used in this work.
The integration required minimal hardware modifications, with the majority of the effort dedicated to redesign an appropriate mechanical interface to lodge the soft manipulator and to connect it to the ECM arm (ie, the endoscopic camera housing) of the dVRK. Figure 2a illustrates the overall mechanical integration. Two additional 3D printed adapters, for interfacing the hollow shaft with the ECM arm are made by acrylonitrile butadiene styrene. The first adapter, called scope adapter (Figure 2b ), connects the top part of the support shaft with the last rotary joint of the ECM arm, enabling the roll and translation motion of the soft manipulator. The peculiar shape of the scope adapter guarantees a rigid link between the hollow shaft and the ECM arm, thus allowing a stable coupling with the dVRK arm. More specifically, the flaps (one is depicted in Figure 2b ) lock the relative translational motion through the shaft's central axis. The relative rotational motion between the shaft and the dVRK arm is constrained by the shape of the 3D printed scope adapter that matches the endoscopic camera housing cavity. On the other side, the dVRK surgical robot is equipped with a 12-mm trocar: since the soft manipulator diameter is 14.5 mm, an ad hoc adapter has been developed to lodge a commercial 15-mm trocar. Figure 2c depicts this adapter called camera cannula mount. It was designed for carefully maintaining the pivot point and the slide axis of the ECM arm. The 15-mm trocar is fixed in the correct position by a thin support (specified in Figure 2c with the label "Trocar support"). Finally, Figure 2d shows the complete integration and the working robot capability.
Software Integration
Once the soft manipulator is mechanically integrated on the ECM arm, we need to develop a proper teleoperation strategy. The ECM arm and the soft manipulator motion are controlled separately imitating the clinical da Vinci system where the motion of the endoscopic camera is mutually exclusive with regard to the motion of the slave arms. The 2 different teleoperation modalities are handled by a hybrid finite state machine where the transitions between states are triggered by the surgeon using the dVRK's foot pedals (COAG and CAMERA pedals).
The ECM arm is teleoperated as in the clinical da Vinci robot configuration where the surgeon controls the ECM's 4 DoFs by moving both the master tool manipulators (MTMs) simultaneously. The command pose is obtained by the relative linear position displacement between the MTMs, which can be changed freely by the surgeon. The orientation of the surgical tools is preserved during the motion of the camera in order to provide continuity of movement when taking back control of the teleoperation.
Unlike the ECM arm, the soft manipulators' teleoperation is based on the orientation of the MTM arms. Usually, a teleoperated surgical robotic platform has 2 master arms (ie, left and right arms). In our case, they are used to control the 2 soft modules (ie, proximal and distal modules) capable of omnidirectional motion. Each module is teleoperated with a different MTM arm (eg, left arm assigned to proximal module and right arm assigned to distal module).
As the soft manipulator is pneumatically actuated, a map of chamber pressurizations based on the dVRK master console measurement must be implemented. The magnitude of the chamber pressure is proportional to the chamber elongation, which causes the motion of the soft module. The soft module teleoperation is illustrated in Figure 3 . Figure 3a represents the initial position of the soft manipulator where the bending angle (ϑ) of the distal module is depicted. The surgeon orients the relative MTM arm at a certain position that can be expressed by the angle α (Figure 3b ) and the angle β (Figure 3c ). These angles are the inputs of the designed pressure map:
where P i represents the desired pressure for the ith chamber. The terms P max and α max are saturation values of pressure and α angle, respectively. The coefficients C i are piecewise functions of the β angle, and their definition is reported in Table 1 .
The angle β controls the direction of the soft module bending, whereas the magnitude of the pressure chamber is only proportional to the angle α. Indeed, the sum of the coefficients C i for any given β is always 1. 
Usability Tests
An experimental analysis on the usability of the integrated tool was performed to evaluate intuitiveness and robustness of the system by analyzing the learning time of nonexpert users. An experimental scenario was purposely prepared, which is composed by a paper box (21 cm × 13 cm × 10 cm in dimensions) with numbers (ie, 1, 2, and 3) on internal lateral surfaces and the target on the top of the box, as shown in Figure 4a . Moreover, other 3 numbers (ie, 4, 5, and 6) were prepared and placed in numerical order on a table. Figure 4b shows the final setup. Seventeen nonexpert users were involved in the testing session. The subjects were both men (14) and women (3), age ranging from 23 to 32 years. All participants had normal or corrected-to-normal vision. They were right-handed and none of them reported any history of somatosensory disorders. Each experiment lasted about 30 minutes. No money compensation was given. All participants were naive with regard to the purpose of the experiment and gave the consent for the anonymous use of their personal data for this scientific research. In this work, nonexpert users were preferred to expert users in order to study the usability and intuitiveness of the proposed technology. The clinical applicability of the entire system will be addressed in a second phase. Before beginning a test session, users were trained to use the proposed system within the testing scenario for approximately 1 minute. The experimental protocol was the following:
1. Point the camera integrated on the soft robot toward the target point placed on the top of the box. 2. Frame the 6 numbers. The order to be followed is randomly generated at the beginning of each trial, thus allowing to evaluate the performance free of biases (eg, no memory of previous trials). These 6 numbers were orally delivered to the users by an external judge. 3. Finally, move the soft robot camera back to the original position and pointing at the target point.
The 17 users repeated this test 15 times so as to extract enough data to study their learning process. Execution time and users' self-assessed evaluations were collected at the end of each trial by means of a dedicated questionnaire based on the NASA-TLX (Task Load Index) protocol. 24 Two authors of this article were involved on the test section as expert users providing the gold standard execution time. They have developed the soft robot and the software integration, thus they know very well the capability and maneuverability of the entire system. This allows a direct comparison between nonexpert and expert users to cross-check the learning process resulted from the experimental tests. Figure 5 reports the usability result based on 2 different performance indices: (1) the execution time ( Figure 5a ) and (2) the angular velocity of the hands computed using the encoders on the dVRK master arms (Figure 5b ). The trend of the 2 indices along the trial is shown by using box-and-whisker plots where the points outside the box represent the outliers and the ends of the whiskers indicate the maximum and the minimum of the data range. We can observe a decreasing/increasing trend for the execution time and hands angular velocity, respectively. The median of the last trial execution time (37.6 seconds) is half of the first trial time (80 seconds), and the median angular velocity of the last trial (30.18°/s) is twice the initial velocity of the hand (15.27°/s). The median value was chosen over the mean since it is statistically less influenced by extreme values in a sample while maintaining significance. This preserves the integrity of the statistics that this article intends to prove. The trends of both indices are congruent with a learning process, which is also verified by a statistical analysis performed through the 1-tailed t test. The first alternative hypothesis was that the execution time of the ith trial is longer than the time of the last trial and it was confirmed for the first 11 trials with 5% significance level (the test rejected the null hypothesis for the first 11 trials). The second alternative hypothesis was that the angular velocity of the hands of the ith trial is smaller than the angular velocity of the last trial; also in this case, the hypothesis was confirmed for the first 8 trials with 5% significance level.
Results
In addition, the median of the last trial execution time (37.6 seconds) achieved by nonexpert user is congruent with the gold standard provided by the expert users, which was in the range 35 to 40 seconds.
The users were asked to fill a questionnaire based on the NASA-TLX for each trial. The resulting mean workload is 25.84 ± 9.84 (in the range 0-100) with all users agreeing on a significant reduction in both frustration and mental demand after each trial. The NASA-TLX for the last trial of all users is less than 20 for frustration and less than 30 for mental demand. The users quickly adapt to using both hands to control the soft manipulator, thus implicitly solving its direct and inverse kinematics.
The overall result demonstrates that the software and hardware integration between the proposed soft manipulator and the dVRK surgical robotic platform was successfully achieved. The soft manipulator enhances the maneuverability and the dexterity of the surgical instrument tip, allowing a safe navigation around abdominal organs/tissues as well. Indeed, the movement capabilities and the intrinsic compliance of the soft manipulator permit access to the target area without touching the obstacles (ie, harming organs/tissues in a real surgical scenario). By increasing the reachable workspace, the soft manipulator equipped with a miniaturized camera allows the surgeon to inspect the target from different perspectives (not possible with traditional rigid endoscopy), enriching their perception and awareness of the ongoing surgical procedure.
Discussion
To the best of the authors' knowledge, this is the first time that a surgical tool based on soft materials has been successfully integrated into a cable-driven teleoperated surgical robot.
The integration of the soft manipulator relieves classical problems in robotic-assisted MIS, such as the reduction of workspace and navigation thorough complex anatomical pathways. The teleoperation of each module of the soft manipulator is based on the same approach used with the wrist teleoperation of traditional surgical instruments. Therefore, the teleoperation of the soft manipulator is intuitive for surgeons already familiar with the control of traditional surgical instruments with spherical wrists. The soft endoscopic camera can be easily operated through the dVRK master console by nonexpert users: the usability tests have demonstrated that the complete system is intuitive and user friendly. Indeed, Figure 5 shows that the hand velocity increases and the task execution time decreases with task repetition. This indicates that the users quickly learn how to use the proposed teleoperation scheme, thus becoming confident after a few trials (about 10).
Moreover, the soft manipulator teleoperation is platform-independent, and it could be exploited in any teleoperated robotic platforms with 2 master arms. A hardware and software integration of the soft manipulator into the dVRK setup was achieved. The soft manipulator, mounted on the dVRK ECM arm, houses a miniaturized camera, replacing the rigid endoscope that allows only fixed view angles. The proposed solution improves the view angles and enables multiple viewpoints of the same surgical target. Thanks to the software integration, the surgeon may switch between controlling the dVRK slave arms or the ECM arm equipped with the soft manipulator. The combination of this flexible camera system with the standard surgical robotic tools can be useful in complex surgical procedures. It is envisioned that the integration would also help reducing stress for the surgeon, since anatomical areas with limited accessibility can be explored without fear of damage critical and delicate anatomical structures. The soft manipulator does not contribute to increase the typical cost of robotic procedures. The fabrication is easy, the used materials are cheap, and the possibility to reuse the camera-which is the most expensive component-after proper sterilization makes the proposed solution very sustainable.
In this work, the soft manipulator houses a miniaturized camera module; the use of other tools (eg, gripper and cautery dissector) is under investigation. Thus, the proposed soft manipulator could improve the capabilities of the da Vinci surgical system (and of upcoming surgical robots, as well) in the execution of many other surgical actions, such as tissue dissection, cauterization, and suturing, just to name a few. In addition, the use of a stereo camera in the soft manipulator would enable a complete integration with the stereo viewer of the teleoperated surgical robot. Future work will focus on the evaluation of the proposed system in more realistic conditions, also trying to integrate the developed soft manipulator into other teleoperated surgical robots.
